Oxidative stress agents' reactivity with DNA bases is still under high focus. These oxidants may be produced internally by biological reaction cascades or from external aggressions such as those induced by ionizing radiations. 1 In aqueous solutions, radiations cause breakdown of water that forms the so-called primary species as described in equation (1) of scheme 1. Among them hydroxyl radical OH
• is a very strong oxidant 2 that can either react directly with DNA bases or with other molecules of the cell to produce various oxidants that are also potentially aggressive for DNA or different systems such as proteins. [3] [4] [5] For long, it has been demonstrated that the guanine entity is the most sensitive DNA base towards oxidants. 1, 6 For example, Giese et al. located a first oxidative damage at a precise position of a DNA double strand, and demonstrated that it could migrate over distances up to more than 5 nm to end up onto a guanine entity. 7 In DNA, GG or GGG sequences are even more easily oxidized. Therefore, it is of great interest to decipher DNA reactivity, and more specifically the one of guanine derivatives, with one-electron oxidants. For fundamental and analytical purposes, there have been also numerous studies onto DNA using electrochemical methodologies. 6 However, in water, mechanistic studies are extremely difficult because up to 4 electrons and 4 protons may be transferred. 8 Moreover, adsorption may render even more complex the electrochemical analysis. 9 As a consequence, cyclic voltammograms are usually poorly resolved. To this respect, redox catalysis allows to work with low concentrations, minimizing adsorption or solubility problems, but then access to the chemical mechanism is only indirect. 10, 11 Another alternative is to work in organic solvent. For example, in order to decipher the interaction mechanism of guanine with cytosine, Saveant et al. shifted from water to chloroform. 12 There would be, however, a considerable interest to introduce an electrochemical methodology for working in physiological conditions. An alternative methodology for inducing redox processes stems from pulse radiolysis. Here, by using specific adjuvants a controlled one electron oxidation can be triggered in water. This strategy was successfully employed by O'Neill first to identify the spectrum of desoxyriboseguanosine radical at neutral pH. 13 The mechanism of several guanosine (G) derivatives was later completed by Steenken et al. 12, 13 It was demonstrated that at neutral pH deprotonation of the first radical G
•+ occurs very quickly, leading to the more stable neutral radical G (-H) • . 14, 15 Furthermore, competitive kinetics with redox mediator was used first by Simic et al., 16 then by Steenken 17 to evaluate the apparent redox potential of G (-H) • /G. A value of 1.29 V vs ESH at pH = 7 was found. In pulse radiolysis, reactions are blocked at a single electron transfer level because an excess of G is present, compared to the concentration of oxidant produced following the radiolytic pulse. Another advantage is that micromolar radical concentrations are produced, hence much closer to physiological conditions. While traditional detection in pulse radiolysis experiments is performed spectroscopically, we thought that replacing the redox mediator by an electrode to monitor a direct collection of electrons would represent an additional complementary methodology. Bearing in mind advantages and drawbacks of both pulse radiolysis and electrochemistry, we then reactivated recently a transient electrochemical detection of the radicals initiated by an electron pulse. This interesting strategy was originally pioneered by Henglein et al. in the seventies, but then abandoned. 18 With present modern instrumentation in both pulse radiolysis and transient electrochemistry, we below explore the one-electron oxidation of guanosine and guanosine monophosphate by the well-behaved Br 2
•-radical. Our results highlight the potentiality of this approach for analysing with in vitro experiments the complex reactivity of biological intermediates. In our setup, a 7-8 MeV electron pulse is sent onto an electrode immersed in the solution to be studied and polarized at a constant potential. 19 The typical duration of the pulse is around 10 ps. Detection is performed both spectroscopically with a nanosecond resolution, and amperometrically with a submillisecond resolution. The experimental set-up was similar to what we previously described (see ESI for more details). 20 In the following, G represents either guanosine or guanosine monophosphate. As demonstrated below, the mechanism is identical for both systems, so that in the following figures we alternatively present data for guanosine or guanosine monophosphate. The complementary set of data is presented in ESI. An aqueous solution containing 1 mM G, 0.1 M KBr and 0.1 M phosphate buffer to ensure pH = 7.1 was first irradiated. To realize oxidative conditions, the solvated electrons and hydrogen atoms were quenched by bubbling N2O in the solution. In those conditions, it is well established that the reaction sequence follows scheme 1: . 21 Then, Br2
•-oxidizes guanosine. The disproportionation of Br 2
•-could be neglected towards the electron transfer to guanine which is in excess. This reaction was first followed by transient absorption measurements. Figure 1 represents the transient spectrum obtained 250 µs after the pulse and the transient absorption followed at 365 nm for a 1 mM G solution. These results are perfectly in line with literature, indicating production of a uniform concentration of G (-H) • after 200 µs. [13] [14] [15] 22 Indeed, in figure 1b, the initial decrease corresponds simultaneously to disappearance of Br 2
•-and appearance of G (-H) • . With a dose of 38 Gy/pulse, a 28±4 µM concentration of G (-H) • was produced. This latter radical decays over a longer time scale and we measured a second order rate of kSO = 1.2 ± 0.3 × 10 for guanosine.
The mechanism being confirmed, we shifted to electrochemical detection with a gold electrode having an area of 6.6 × 10 -3 cm 2 . Here, the electrode potential was maintained in a window for which the baseline current was negligible. The electron pulse induced production of G(-H) • as described above, which resulted in observation of current transients. For each potential, around 10 transients were acquired and averaged. Figure 2 presents the curves obtained after subtraction of a background transient signal. Since subtraction of this parasitic signal is accurate only after 300-500 µs, electrochemical data are relevant only after 500µs. Hence, production of G(-H)
• being extremely fast compared to the electrochemical timescale, we could reasonably consider that at t = 0 the solution contained a G(-H)
• concentration of 28 µM. Below 400 mV vs AgCl/Ag, the current traces were superimposable, indicating that only reduction occurred at a diffusion limited rate. The situation was however different from a standard chronoamperometric decay because dimerization of G(-H)
• in solution occurred in completion with reaction at the electrode surface. This interplay was taken into account by numerical simulations of this diffusion controlled reduction. This way, we could determine a bimolecular decay for G (-H) • of kSO = 1.1 ± 0. G(-H) • ). pH = 7.1.
Once kSO was determined, we focused on the current evolution in the whole potential range. A first evidence is a continuous shift from reduction to oxidation currents, the transition occurring near 0.63 V vs AgCl/Ag. This observation is in line with the so-called redox ambivalence observed by O'Neill and Steenken, i.e. the ability of this radical to be either oxidized or reduced. 13, 23 Such potential inversion is also frequent in electrochemical studies. 10 , 24 We could not explore higher potentials since direct oxidation of guanosine and gold oxide formation at the electrode interfered. To complete the description, similar experiments but with either a lower dose (10 Gy corresponding to a starting concentration of G (-H) • of 7.3 µM) or for a different initial G concentration were also performed. Identical behaviors with a transition at the same potential were observed. These complementary results are displayed in ESI together with their analysis. These additional observations confirmed that no electron transfer equilibrium is attained at the electrode surface, as expected when working at electrode potentials far from the apparent standard potentials of the redox systems under investigation (see below). Since identical behavior is observed for both G derivatives having different solubility in water, any contribution from adsorption in the observed signal could be eliminated. For further interpretation, the current value 1 ms after the pulse was recorded at each potential to trace reconstructed polarograms, as presented in figure 3a . Deviating from standard electrochemical systems, here the current I resulted from the difference between the one electron oxidation and reduction currents of G(-H)
• according to:
(1)
where kox and kred are respectively the potential-dependent rates for oxidation and reduction of G(-H) • . F, A and x are the Faraday constant electrode area and distance from the electrode. A reduction plateau was obtained at low potentials, indicating predominance of reduction below 400 mV. Since electron transfer occurred far from the standard potentials, Marcus formulation should be preferred over Butler-Volmer's one in order to express kox and kred. 10 For electrochemistry, we adapted a practical formulation taking into account the electrode density of states that was previously proposed by Chidsey so that: the reorganization energies for both reactions. The main effect of using Marcus theory over Butler-Volmer's one is to damp the exponential variation of kox and kred with the potential, and, consequently the slope of the polarogram displayed in figure 3a . In literature, only E 0 'red = 1.29 ± 0.03 V vs ESH (1.09 V vs AgCl/Ag), proposed by Steenken, is available. To fit our data, we followed Saveant 12 and imposed k 0 ox = k 0 red = 1 cms -1 . 12 Variations around this value did not affect the quality of the fit as expected from the full analysis depicted in ESI. The best agreement between experimental data and theory was obtained for the perfect symmetrical case where E 0 'ox = 0.17 V vs AgCl/Ag, λox = λred = 0.9 eV. Such value of reorganization energy is completely in the range of what can be expected for this molecule. 6, 27 Also, it indicates that for the reduction process involving one electron and one proton, there is no additional contribution to the activation barrier due to the proton transfer. This is in line with a stepwise electron transfer followed by protonation, as already demonstrated in pulse radiolysis or electrochemistry for the oxidation process. 12, 14 Another important information is that indeed oxidation of G (-H) • is very favorable, so that after the first electron transfer, even mild oxidants are capable of attacking G (-H) • to yield G(-H) + , and probably 8-oxoguanosine after H 2 O addition and proton elimination. 3, 4 Yet, reparation by reduction with an anti-oxidant is also favored, underlining an extreme sensitivity of the reaction path on the cellular composition. 3, 4, 23 Returning to the second order decay occurring in solution, a value much below 10 9 -10 10 M -1 s -1 for kSO points to an activation and not diffusion limited reaction. A dimerization is postulated in the literature, 9, 12, 28 but the large potential inversion also stresses that disproportionation could be considered. Discriminating between these two possibilities was however beyond the scope of the present study. We then further simulated the temporal dependence of each current trace using the Digielch® software. As depicted in figure 3b , and figures S4 and S5, the agreement between experiment and theory is excellent. We furthermore noted that near (E 0 'ox + E 0 'red)/2, simulation is extremely sensitive to the standard potentials, providing a precision of 10 mV on E 0 'ox. In the present study the precision is however limited to 30 mV since we relied on E 0 'red = 1.09 ± 0.03V vs AgCl/Ag provided by Steenken. This complex mechanism is then fully deciphered thanks to a combined analysis of spectroscopic and electrochemical acquisitions.
Conclusions
The example of guanosine oxidation highlights the complementarity of the well-established spectroscopic detection of intermediates created by pulse radiolysis and the unusual electrochemical monitoring. Spectroscopy was a necessary control to confirm that the system reacted in agreement with literature. This technique is also necessary in evaluation of the dose, hence of the starting concentration of radicals. It furthermore provides access to very short timescales, allowing to follow fast kinetics. Moreover, the spectroscopic redox titration technique is useful to estimate the standard potentials but unfortunately not always successful. In contrast, the electrochemical methodology should be improved to reach shorter timescales but present the advantage of directly monitoring the electron fluxes. The modification of the driving force of electrochemical reactions is furthermore precisely tuned with the electrode potential. In the present case, the redox ambivalence was evidenced in a rather straightforward way and could be quantitatively analysed. The great interest of this methodology is the possibility to perform transient electrochemistry onto low (micro-molar) concentrations in a physiological environment. This minimizes drawbacks due to adsorption of products on the electrode surface due to their low solubility that often prevent their in depth electrochemical study to be performed in water. Future work may concern more complex systems such as the oxidation of small DNA oligomers 29, 30 and the effects of other oxidants. This work was supported by ANR (project Radiolyse et Analyse Dynamique par Electrochimie, JCJC 0810). We thank Pr. Manfred Rudolph for helpful discussions about Marcus theory implementation into Digielch®. 
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